The detailed structure of the symbiotically important exopolysaccharide succinoglycan from Rhizobium meliloti Rm1021 was determined by mass spectrometry with electrospray ionization and collision-inauced dissociation of the octameric oligosaccharide repeating unit. Previously undetermined locations of the succinyl and acetyl modifications were determined, in respect to both the residue locations within the octamer and the carbon positions within the pyranose ring. Glycosidic linkages determined previously by methylation analysis were also verified.
Nitrogen-fixing soil bacterial species of the genus Rhizobium colonize specific host plants through the induction and invasion of root hair nodules. Successful colonization involves a number of chemical messages that control this complex, multistep process. In many Rhizobium-legume symbioses, extracellular polysaccharides are required for nodule invasion (15) . Mutants of Rhizobium meliloti RmlO21 that fail to produce the major extracellular polysaccharide of this strain, known as succinoglycan, induce the formation of nodules on alfalfa but are unable to invade these nodules (17) . Subsequently, it was demonstrated that specific structural features of this succinoglycan are necessary for nodule invasion. The functional significance of the extracellular polysaccharide structures in nodule invasion motivated an investigation of the details of succinyl and acetyl substitution in R. meliloti succinoglycan (9, 10, 16, 20) .
The earliest structural studies on R meliloti reported that the succinoglycan contained glucose, galactose, pyruvic acid, and O-acetyl groups in the proportion of 7:1:1:1 (3). The glycosyl linkage composition was determined by methylation analysis, and the O-acetyl group was reported to be located at carbon 6 (referred to herein as C6) of 3-and 4-0-linked glucose residues (3) . At this time the succinate modification was not recognized, and the assignment of the O-acetyl group to a 3-0-linked glucose was done in error. Evidence for an octamer repeating unit of the succinoglycan was reported, and the linkage sequence in the main chain was determined by a modified Smith degradation method (13) . The hexosyl residues were determined to be f-pyranosidic from the low optical rotation and the 'H nuclear magnetic resonance spectrum of the polysaccharide (13) . Most of these structural details for R meliloti Rm1021 were subsequently confirmed as glycosylsequencing methodology developed (1) . Polymer degradation with ,B-D-glycanases and methylation analysis demonstrated that the exopolysaccharides from R. meliloti, Alcaligenes faecalis var. myxogenes, Agrobacterium radiobacter, Agrobacterium rhizogenes, and Agrobacterium tumefaciens were identical except for the acetyl or succinyl substituents (11 This report describes the structural characterization of the R. meliloti succinoglycan by electrospray ionization (ES) (7) and collision-induced dissociation and tandem mass spectrometry (CID). The specific residue locations in the octamer repeating unit of the succinyl and acetyl modifications are identified, interior glycosyl linkages are confirmed, and the ring positions for the acetyl and succinyl modifications are determined. Approximately 10 ,ug of starting material was used for methylation and to obtain both an ES mass spectrum and a collision-induced fragmentation spectrum.
MATERIALS AND METHODS
Succinoglycan. Octasaccharide repeating units were prepared by digesting the succinoglycan with partially purified succinoglycan depolymerase from Cytophaga arvensicola (2) and then purified by gel filtration chromatography on Bio-Gel P4 (20 Linkage position of substituent groups. Bjorndal et al. ( 3) have reported that acetyl esters were located at C6 of 3-0-and 4-0-linked glucosyl residues of the octasaccharide. Succinylation of extracellular polysaccharides was unknown at that time, and it took several years to establish the complete repeatingunit composition: glucose-galactose-pyruvyl-acetyl-succinyl (7: 1:1:1:1) (1, 12) .
Glycosidic linkages can be determined by tandem MS from the A and X fragments arising from collision-induced opening of the pyranose ring (18) . Since ring-opening fragments from CID are generally less abundant than glycosidic cleavage fragments, a high signal-to-noise ratio is crucial for their identification. The fragments that convey linkage information in our (low-energy) collision experiments are the A ions, i.e., ions containing the nonreducing terminus. In particular, (1,4)-and (1,6)-O linkages are identified by the presence of 3'5A fragments and both 35A and 0'4A fragments, respectively ( The CID spectrum of the alkylated octamer obtained by neutral methylation was complex because of the labile esters which provided both a large increase in the total number of fragments and new fragmentation pathways. This complexity did not obscure those ions identifying ring-opening fragments at the residues that were not modified by the acetyl or succinyl esters. However, the pyranose rings containing these esters did not cleave in the expected way. Thus, to study the glycosidic linkages at these residues and also to determine the substitution positions, the acetyl and succinyl esters were replaced with trideuteriomethyl ethers by base-catalyzed CD3 methylation. The combination of neutral methylation followed by base methylation results in a linear permethylated oligosaccharide containing the pyruvate group at the nonreducing-end termiParent *2Na+ nus. This derivative gives a much simpler CID spectrum from which both the linkages and substitution positions can be determined.
The ES mass spectrum of the methylated and deuteriomethylated octasaccharide contained the doubly charged 895.4-Th ion. This corresponds to a molecular mass of 1,744.8 Da and shows that the succinyl and acetyl esters have been replaced with a deuterated methoxy group and that the pyruvate is trideuteriomethyl esterified (Fig. 4b) .
Collision-induced fragmentation of the doubly charged 895.4-Th ion gave a spectrum in which the reducing-end glycosidic fragments dominate (Fig. 5) . Both glycosidic sequences, i.e., sequences containing the nonreducing terminus and the reducing terminus, readily identify the residues that were deuteriomethylated, confirming the residue positions of the esters determined from CID of the neutral methylated succinoglycan. The B1 and C, fragment pair was again not observed, consistent with the interpretation that the pyruvyl group blocks sodium adduction at the nonreducing terminal residue. The structural information provided by cross-ring cleavages is illustrated by a detailed investigation of the mass region above the glycosidic fragment B5 at 1,120 Th for the doubly methylated molecule (Fig. 6 ). In this region the 'JA6 fragments originate from the opening of a pyranose ring that possesses a deuterated methyl group at the 6 carbon. The ion, Th 1211, suggests an 35A6 fragment that would indicate both linkage at the 4 position and substitution at the 6 position. A reciprocal structure, involving linkage at the 6 position and 4 substitution, would also produce a 1,211-Th fragment; however, 6-linked residues also produce 074A ions that are 60 Da larger than the glycosidic B5 fragment. In this case, no 0,4A, ions were observed at 1,180 Th. In contrast, the 0'4A4 and 0'4A5 fragments were detected at 772 and 976 Th, indicating that these two residues are linked at position 6. All of the internal glycosidic linkages could be determined from the CID fragments of the twice-methylated molecule. The CID experiments with the neutral methylated and the twice-methylated succinoglycan failed to identify the linkage at the reducing end; in general, low-energy CID fails to fragment the ring at the reducing terminus, which would be required to identify this linkage. At glycosidic BI fragment nor ring-opening fragments from the penultimate (succinylated) residue (A2 fragments) were observed in the singly methylated or the doubly methylated molecule.
Methylation analysis. The failure of the nonreducing terminal residue to adduct a sodium ion precluded the observation of any A2 fragments. Thus, to determine the ring location of the replaced succinyl group at the second residue and to confirm the structural assignments determined by the collision spectrum, the CH3-and CD3-derivatized octamer was hydrolyzed, reduced, and acetylated. The resulting methylated alditol acetates were analyzed by gas chromatography-MS, and their retention times and electron impact mass spectra (El-MS) were compared with those of standards. The linear octamer yielded approximately equimolar ratios (2 mol each) of 3-0-, 4-0-, and 6-0-linked glucosyl residues.
El-MS of methylated alditol acetates contain fragments originating from the cleavage of carbon-carbon bonds, which are used to locate the methylated or acetylated hydroxyl groups. The first component in the total ionization plot eluted with a retention time and mass spectrum consistent with those of a methylated alditol acetate derived from a 3-0-linked glucosyl residue. The presence of two paired ions (161/164 and 277/280 Th) of approximately equal abundance indicate that half of the residues were deuterated. In methylated alditol acetates, the fragment bearing the methoxyl group adjacent to the C-C bond ruptured carries the major charge. Rupture of the C3-C4 bond is the most diagnostic cleavage and, in this case, identified that C4 or C6 was deuteriomethylated. This follows from the fact that positions 1, 3, and 5 must be acetylated, excluding a C1, C3, or C5 origin. The 161/164-Th pair and the absence of an ion pair at 233/236 Th strongly suggest that the CD3-methyl group is located at C6. Thus, the El-MS data identify a 3-0-linked glucopyranosyl moiety deuterated at position 6 (Fig. 7) .
The partially methylated alditol acetate derived from the 4-0-linked glucosyl residues was likewise analyzed, and fragmentation by EI-MS indicated that the glucosyl group contained a deuterated methyl group at position 6, a result which is consistent with the CID data discussed previously. DISCUSSION The locations within the octamer repeating unit of the acetylated and succinylated hexose residues of the succinoglycan from R. meliloti RmlO21 were determined by MS with El and CID of the intact octamer. Interior glycosidic linkages and the acetylation at position 6 were also determined by this technique after a deuteriomethylation to replace the succinyl and acetyl esters with deuteriomethyl ethers. The pyruvate group at the nonreducing terminus prevented the stable adduction of a sodium cation on the nonreducing terminal glycosyl residue, and this precluded the observation of "i A2 fragments that would identify the position of the succinyl modification. Thus the location of the succinyl group was determined by glycosyl-linkage composition analysis and EI-MS on the penultimate nonreducing terminal glucosyl residue. The full structure of the methylated succinoglycan is shown in Fig. 1 .
